The cDNA clone ERD5 (early responsive to dehydration), isolated from 1-h-dehydrated Arabidopsis, encodes a precursor of proline (Pro) dehydrogenase (ProDH), which is a mitochondrial enzyme involved in the first step of the conversion of Pro to glutamic acid. The transcript of the erd5 (ProDH) gene was undetectable when plants were dehydrated, but large amounts of transcript accumulated when plants were subsequently rehydrated. Accumulation of the transcript was also observed in plants that had been incubated under hypoosmotic conditions in media that contained L-or D-Pro. We isolated a 1.4-kb DNA fragment of the putative promoter region of the ProDH gene. The ␤-glucuronidase (GUS) reporter gene driven by the 1.4-kb ProDH promoter was induced not only by rehydration but also by hypoosmolarity and L-and D-Pro at significant levels in transgenic Arabidopsis plants. The promoter of the ProDH gene directs strong GUS activity in reproductive organs such as pollen and pistils and in the seeds of the transgenic plants. GUS activity was detected in vegetative tissues such as veins of leaves and root tips when the transgenic plants were exposed to hypoosmolarity and Pro solutions. GUS activity increased during germination of the transgenic plants under hypoosmolarity. The relationship between Pro metabolism and the physiological aspects of stress response and development are discussed.
Osmotic or water stress caused by drought or high salinity is the most serious factor that limits plant growth and productivity (Boyer, 1982) . These conditions induce dehydration of plant cells, which may trigger physiological, biochemical, and molecular responses (Shinozaki and Yamaguchi-Shinozaki, 1996, 1997) . To counteract osmotic stress, some plants accumulate several kinds of compatible osmolytes, such as Pro, Gly betaine, and sugar alcohols, that function as osmotica and protect macromolecules such as proteins and membranes (Delauney and Verma, 1993) .
Among the compatible solutes, Pro is the most widely distributed osmolyte in water-stressed plants. It has been suggested to function as a nitrogen-storage compound (Ahmad and Hellebust, 1988) , as an energy or reducing power sink (Walton et al., 1991) , and as a radical scavenger (Smirnoff and Cumbes, 1989) .
The accumulation of Pro in dehydrated plants is caused not only by the activation of Pro biosynthesis but also by the inactivation of Pro degradation; conversely, a decrease in the level of accumulated Pro in rehydrated plants is caused not only by the inhibition of Pro biosynthesis but also by the activation of Pro degradation. Genes that encode enzymes in Pro biosynthesis have been isolated from various plants, and their expression and the functions of their products have been characterized (Delauney and Verma, 1993; Yoshiba et al., 1995 Yoshiba et al., , 1997 Igarashi et al., 1997) . However, the molecular mechanism of Pro degradation is poorly understood.
We isolated the ProDH gene (Pro dehydrogenase) from Arabidopsis (Kiyosue et al., 1996) that is identical to that of Verbruggen et al. (1996) and Peng et al. (1996) . Sequence analysis of an Arabidopsis cDNA clone, ERD5 (early responsive to dehydration), isolated from plants dehydrated for 1 h revealed that it encodes a protein having homology with products of the yeast PUT1 gene and the Drosophila melanogaster sluggish-A gene (Kiyosue et al., 1996) . Their gene products are precursors of ProDH proteins (Pro oxidases: EC 1.5.99.8), which are the first enzymes involved in the conversion of Pro to Glu. We show that the products of ERD5 cDNA are localized in the mitochondrial fraction. Fusion genes for ERD5 and PUT1 complemented a put1 mutant of yeast, allowing put1 to grow with Pro as the source of nitrogen. RNA gel-blot analysis demonstrated that transcripts of the ProDH gene were undetectable when plants had been dehydrated for 10 h, but that large amounts of the transcript accumulated when plants were subsequently rehydrated. Elevated levels of the transcript were also found in plants incubated in a medium that contained Pro. These results suggest that the ProDH gene is regulated at the transcriptional level by both dehydration and rehydration of plants.
To investigate the regulatory mechanism for the expression of the ProDH gene, we examined its expression by northern-blot analysis and demonstrated that the ProDH gene is up-regulated by hypoosmolarity and Pro treatment. Then, we isolated the promoter region of the ProDH gene and analyzed the regulatory mechanisms in response to environmental and developmental signals in transgenic Arabidopsis, which contained a fused gene consisting of the ProDH promoter and the coding region of the reporter gene for GUS. The roles of Pro dehydrogenase in stress response, seed and pollen development, and germination are discussed.
MATERIALS AND METHODS

Plant Materials
Plants (Arabidopsis ecotype Columbia) were grown on vermiculite beds or aseptically on GM (germination medium containing 0.09 m Suc) (Valvekens et al., 1988) containing 0.8% Bacto-agar (Difco, Detroit, MI) for 2 to 4 weeks under continuous light (3000 lux), as previously described (Kiyosue, 1993b (Kiyosue, , 1994 Nakashima et al., 1997) .
Stress Treatments
Arabidopsis rosette plants were subjected to dehydration on chromatography paper (3MM, Whatman) at 60% to 70% RH and 22°C, under dim light (100 lux) (Nakashima et al., 1997) . The Arabidopsis plants grown on vermiculite beds or GM agar medium were transferred to distilled water, GM liquid medium, 0.09 m or 0.26 m l-or d-Pro, respectively, and incubated for 1 to 24 h under dim light. In each case, the plants were subjected to the stress treatment for varying durations and were then immediately frozen in liquid nitrogen.
Osmolarity Measurement
The osmolarity of solutions used in northern-blot analysis was measured at 20°C by the ONE-TEN osmometer (Fiske, Norwood, MA).
Mapping of the Transcription Start Site by Primer Extension
The primer-extension experiment was performed according to the method of Yamaguchi-Shinozaki et al. (1989) using the [␥- 32 P]ATP-labeled oligonucleotide, which corresponds to the complementary sequence upstream of the coding region of the ProDH gene: 5Ј-ATAATTTCTC TTCTC-3Ј (complementary to positions ϩ66 to ϩ80). The mRNA for the primer extension was extracted from Arabidopsis rosette plants incubated in 0.09 m l-Pro for 2 h by the guanidine thiocyanate/CsCl method, and was purified on an oligo(dT) column.
Isolation of RNA and RNA Gel-Blot Analysis
RNA was isolated from whole rosette plants as previously described (Kiyosue, 1993a) . Fragments of the ERD5 cDNA were labeled by the random-primer method with [␣- 32 P]dCTP (Amersham) using the random-primed DNAlabeling kit from Boehringer Mannheim. The labeled fragments were hybridized with RNA according to standard protocols (Kiyosue et al., 1994) .
Transgenic Plants
A 1.4-kb fragment of the ProDH gene upstream sequence was prepared using double digestion with BamHI and HindIII of the pBluescript II vector (Stratagene). It was ligated into the BamHI and HindIII site of the promoterless GUS expression vector pBI101.1 (Clontech, Palo Alto, CA) and was transferred from Escherichia coli DH5␣ into Agrobacterium tumefaciens LBA4404 via three-way mating with an E. coli strain containing a mobilizing plasmid, pRK2013. Transformation of Arabidopsis (ecotype Wassilewskija) was performed as previously described (Valvekens et al., 1988; Benfey et al., 1989) . T 2 seeds of transgenic Arabidopsis were germinated on GM containing 20 m kanamycin at 22°C. Whole plants were transferred to chromatography paper (3MM, Whatman) for dehydration stress or to Petri dishes containing distilled water, GM liquid medium, and 0.09 m l-or d-Pro and incubated under dim light (100 lux) for 24 h. To analyze GUS activity in germinating seeds, the transgenic plants were grown on sterilized filter paper soaked with distilled water or GM solution under continuous light (3000 lux).
Assay of GUS Activity and Histochemistry
GUS activity was assayed in whole-plant extracts by fluorimetric determination of the production of 4-methylumbelliferone from the glucuronide precursor using a standard protocol (Jefferson et al., 1986) . Histochemical localization of GUS activity was performed by incubating whole transgenic plants in 1 mm 5-bromo-4-chloro-3-indolyl glucuronide at 37°C for 3 h to overnight, fixing, and then incubating in a 50% to 100% ethanol series (Nakashima et al., 1997) .
RESULTS
Analysis of the Expression of the ProDH Gene in Arabidopsis Plants
Induction of the ProDH gene in Arabidopsis plants by dehydration or transfer of plants from agar plates to various solutions was analyzed by northern-blot analysis (Fig.  1) . Expression of the ProDH gene was transiently induced within 1 h after dehydration in Arabidopsis plants, as reported by Kiyosue et al. (1996) . The transient expression of the gene was observed when the plants were transferred from GM agar plates to hydroponic conditions in GM liquid medium (Fig. 1) . These results indicated that during the dehydration treatment the transient expression may have been caused by touching or wounding the plants when they were transferred from the GM agar plates. The gene was strongly induced within 1 h after the initiation of incubation, when the plants were transferred from the same GM agar plates to hydroponic conditions in deionized water or GM Ϫ Suc. The osmolarity of deionized water and GM Ϫ Suc was lower than that of GM ( Fig. 1) . Incubation in GM Ϫ Suc with 9% PEG (PEG 4000; final osmolarity about 185 mmol/L) gave a similar result to that of GM (data not shown). These results indicate that the high-level expression of the ProDH gene might be due to hypoosmolarity. We previously reported that the level of ProDH mRNA in Arabidopsis plants was strongly affected by incubation with GM containing 0.26 m l-or d-Pro instead of 0.09 m Suc (Kiyosue at al., 1996) . Since the osmolarity of the medium containing 0.09 m Pro (approximately 185 mmol kg Ϫ1 ; Fig.  1 ) was the same as that of the control GM solution, we examined, by northern-blot analysis, the induction of the ProDH gene by incubation with GM containing 0.09 m Pro. When the Arabidopsis plants were transferred from agar plates to hydroponic growth in the 0.09 m l-Pro or d-Pro solution, the ProDH gene was significantly induced within 1 h, although the induction level of the ProDH mRNA by 0.09 m Pro was lower than that by 0.26 m Pro (Fig. 1) . Thus, we confirmed the effect of l-and d-Pro in the induction of the ProDH gene in Arabidopsis plants.
Cloning and Sequence Analysis of the Promoter Region of the Arabidopsis ProDH Gene
We screened a genomic library prepared from Arabidopsis plants using the insert DNA fragment of the ERD5 cDNA and isolated a 1.4-kb DNA fragment. The nucleotide sequence of this genomic DNA was determined (Fig. 2) . The 5Ј end of the transcript was determined by primer extension (data not shown). Two bands appeared by primer-extension assay at the ϩ1 (adenine) and ϩ2 (cytosine) sites. Since the band in the ϩ1 site was thicker than that in the ϩ2 site, we determined that the transcription start site was at the ϩ1 site. The initiation codon is 123 nucleotides downstream from the site of initiation of transcription. A typical TATA-box sequence is located at position Ϫ37 (TATAAA). A number of sequence motifs have been identified that may have a role in the regulation of transcription of plant genes. The upstream region of the ProDH gene was searched for cis-acting elements. We found two G-box-like motifs (ACGTG at Ϫ46 and Ϫ72) similar to the G-box sequence (CACGTG; Schindler et al., 1992; Shinozaki and Yamaguchi-Shinozaki, 1997 ) and the ABA-responsive element sequence (PyACGTGGC; Marcotte et al., 1989; Yamaguchi-Shinozaki et al., 1989; Shinozaki and Yamaguchi-Shinozaki, 1997) . Moreover, we found four putative motifs (TAACAG at Ϫ83, CCGTTG at Ϫ186, TAGTTA at Ϫ1132, and TAGTTG at Ϫ1179) that resembled a MYB recognition site (PyAACNPu; Biedenkapp et al., 1988; Nakagoshi et al., 1990; Shinozaki and Yamaguchi-Shinozaki, 1997) and two putative motifs (CACATG at Ϫ105 and Ϫ745) that resembled a MYC recognition site (CANNTG; Murre et al., 1989; Shinozaki and Yamaguchi-Shinozaki, 1997) .
Expression Analysis of GUS Reporter Gene Driven by the ProDH Promoter in Transgenic Arabidopsis Plants
To examine whether the cis-acting elements involved in the hypoosmolarity and Pro-responsive expression of the ProDH gene are located in the isolated 1.4-kb DNA fragment, a chimeric gene consisting of the ProDH promoter region (Ϫ1393 to ϩ122, Fig. 2 ) fused to the GUS reporter gene was constructed and introduced into Arabidopsis plants through A. tumefaciens. Stable transformant lines were obtained. Figure 3 presents the analysis of the expression of the GUS reporter gene in three independent, regenerated, T 2 transgenic Arabidopsis plants (n ϭ 5). GUS activity was repressed within 24 h of dehydration of Arabidopsis plants. Incubation with deionized water and treatment with 0.09 m l-Pro or d-Pro increased GUS activity, whereas GM incubation did not. Incubation with 100 m ABA or GA 3 had no effect on the expression of GUS activity (data not shown). These data suggest that the isolated 5Ј-upstream region of the ProDH gene contains cis-element(s) involved in the dehydration-repressive, hypoosmolarity-, and Pro-inducible expression. Dose-response analysis of GUS activity revealed that incubation in 0.001 to 0.09 m l-Pro or d-Pro induced expression of the ProDH promoter in the three independent, regenerated transgenic Arabidopsis plants (n ϭ 5; Fig. 4) .
We examined the localization of GUS reporter gene expression under control of the ProDH promoter in transgenic Arabidopsis plants. Weak GUS activity was observed by histochemical analysis in unbolting, whole transgenic Arabidopsis seedlings 2 weeks after germination without any treatment (Fig. 5A ). GUS activity in the leaves was relatively low (Fig. 5B) . GUS expression was detected in the main roots (Fig. 5C ) and some, but not all, root tips (Fig.  5D ). After 0.09 m l-Pro incubation, intense GUS staining was observed in the veins and hydathodes of leaves (Fig.  5E ) and in the lateral and main roots (Fig. 5G) , especially in the root vascular cylinder and meristem (Fig. 5H) . Examination of tissue sections of leaves revealed that the strong expression in veins was not due to a smaller cell volume than in mesophyll cells but, rather, to high expression in vascular cells (data not shown). The same expression pattern was found in transformants after 0.09 m d-Pro or water incubation (data not shown). l-and d-Pro had a stronger effect on ProDH gene expression than water in the same plant tissues.
In 8-week-old transgenic Arabidopsis plants, expression of GUS was observed in the flowers (Fig. 6A ) without any treatment, especially in the pollen and the stigmas with pollen (Fig. 6B) , the stigma of immature siliques (shorter than 5 mm), the ovules, and the abscission zone of the petals and sepals (base of the silique; Fig. 6C ), which is a vestige of the stigma. Observation by microscopy of the flower staining showed that GUS activity around the stigmas in the flowers and the tips of the siliques was due to pollen attached to the stigmas rather than to the stigmas themselves (data not shown). The stigma surface of the longer siliques (longer than 5 mm), but not their ovules, showed GUS staining. Mature siliques (longer than 7 mm) showed no GUS staining. However, high GUS activity was observed in seeds of mature siliques that had been cut to facilitate the penetration of 1 mm 5-bromo-4-chloro-3-indolyl glucuronide (Fig. 6D) . These results indicate that the seed coats inhibited penetration of the GUS substrate. In the seeds high GUS activity staining was observed in the tips of the cotyledons and in the shoot and root meristem.
When transgenic T 2 seeds were germinated on filter paper soaked with water, GUS activity increased in the germinating seeds under hypoosmolar conditions (Fig. 7) . Strong GUS activity was observed mainly in the root tips and veins of germinating seeds (Fig. 7 B) . However, when transgenic plants were grown on filter paper soaked with GM solution, GUS activity did not increase during germination (Fig. 7) , and only weak GUS activity was observed in the root tips of germinating seeds. The germination process of the seeds in the GM solution was slower than that in water.
DISCUSSION
We have shown, by northern-blot analysis, that the ProDH gene is repressed by dehydration but induced by rehydration and by l-and d-Pro treatment (Kiyosue et al., 1996) . We analyzed the expression of the ProDH gene and found that it is up-regulated by hypoosmolarity and by Pro treatment (Fig. 1) . The induction of ProDH gene expression under rehydration after 10 h of dehydration is caused not only by accumulated Pro but also by hypoosmolarity. Therefore, the ProDH gene is controlled by three different factors: up-regulation by hypoosmolarity and Pro and down-regulation by dehydration stress.
We then isolated a 1.4-kb promoter region of the ProDH gene and analyzed the function of the promoter using transgenic plants with the 1.4-kb ProDH promoter-GUS fusion gene. We demonstrated that GUS activity driven by the 1.4-kb promoter region was depressed by dehydration (Fig. 3) . Northern-blot hybridization and promoter analysis using transgenic plants revealed that the 1.4 kb of the ProDH promoter was activated by hypoosmolarity treatment with GM Ϫ Suc solution and water (Figs. 1 and 3) . Because the osmolarity of these solutions was lower than the control medium, GM, hypoosmolarity induces ProDH gene expression. Kiyosue et al. (1996) previously reported that a slight induction in ProDH gene expression was detected when the plants were incubated in GM Ϫ Suc or water for 10 h. However, analysis of the ProDH mRNA by northern-blot analysis revealed that accumulation of the ProDH mRNA began within 1 h after the transfer of the plants from the agar plates to GM Ϫ Suc or water solutions, reached a maximum after 2 h of incubation, and then decreased. Northern analysis and analysis using transgenic Arabidopsis also revealed that the promoter of the ProDH gene was up-regulated by 0.001 to 0.09 m Pro (Fig. 4) . The dose dependency of the promoter was consistent with the northern-analysis results of Kiyosue et al. (1996) . GUS activity was not detected in dehydrated Arabidopsis plants (Fig. 3) . These results indicate that the 1.4-kb promoter region contains all of the cis-acting elements involved in up-regulation by Pro and hypoosmolarity and downregulation by dehydration. Kiyosue et al. (1996) When the Arabidopsis plants were treated with water or Pro, the ProDH gene was expressed at high levels in all vegetative tissues analyzed (Fig. 5) . Highest expression was found in the veins and hydathodes of leaves and root tips under water or Pro supply (Fig. 5, E-H) . Histochemical analysis showed that Pro has a stronger effect on the ProDH gene expression than does water in the same plant tissues. Although Pro is not supplied from roots in natural conditions, it is reasonable to assume that excess Pro in cells would be degraded by ProDH. It is suspected that the applied Pro may be transported to almost all parts of plants by Pro transporters such as ProT1 and ProT2 (Rentsch et al., 1996) , and that it triggers ProDH gene expression. When alfalfa plants are exposed to water-deficit conditions, Pro accumulates in the phloem sap (Girousse et al., 1996) . Expression of the ProDH gene in veins of rehydrated plants indicated that vascular cells convert the accumulated Pro under water-deficit conditions for Glu by ProDH in rehydrated plants. Hydathodes are secretory structures that remove water from the interior of a leaf and deposit it on the leaf surface. Water is forced out of the hydathodes by hydrostatic pressure, and an osmolarity gradient may be established inside the hydathodes. The level of Pro, which is controlled by synthesis and degradation processes, may play a role in the osmolarity gradient of hydathodes. Alternatively, hydathodes may have a role in reabsorption of nutrients, including Pro from vascular bundles, and degrade the Pro by ProDH. Expression in root meristems indicates that ProDH might play a role in catabolism of Pro to amino acids, as well as nitrogen, carbon, energy, and reducing power for elongation of roots in rehydrated plants.
Under normal growth conditions, the ProDH gene was expressed at low levels in all of the vegetative tissues analyzed (Fig. 5, A-D) . High levels of expression were found in reproductive tissues such as pollen grains and seeds (Fig. 6) . Pro has been found to accumulate in tissues such as florets and seeds, which have a low water content, whereas tissues such as rosette leaves, which have a high water content, contain low levels of Pro (Chiang and Dandekar, 1995) . In Arabidopsis reproductive tissues (florets and seeds), Pro represents 17% to 26% of total free amino acids, whereas in vegetative tissues (rosette leaves and roots), Pro contributes only 1% to 3%. Accumulation of Pro was noted in the inflorescence and siliques of Brassica napus (Flasinski and Rogozinska, 1985) . In naturally desiccated tissues such as pollen, a high concentration of Pro is correlated with protection against pollen germination at unfavorable temperatures (Zhang and Croes, 1983) . The elevated expression of the ProDH gene in pollen grains and seeds in Arabidopsis is consistent with an increased accumulation of Pro in these organs. Pro in pollens and seeds is considered to be dehydrogenated by ProDH to supply Glu or derived compounds and energy for their growth and development.
When transgenic plants containing the ProDH promoter-GUS fusion were germinated in water, GUS activity increased (Figs. 7 and 8) . However, when transgenic plants were germinated in GM, GUS activity did not increase. These data indicate that the Pro in seeds might be oxidized to control the osmolarity of seed cells under hypoosmolarity, and used for seed germination and elongation under conditions of insufficient nutrients.
Mutant analysis indicates that the synthesis and sensitivity of GA 3 are essential for seed germination and elongation growth in Arabidopsis (Koornneef and Karssen, 1994) . Because the expression of the ProDH gene is not affected by GA (Kiyosue et al., 1996 ; and our results using the transgenic plants), ProDH gene expression during seed germination in water may be due to hypoosmolarity. Thus, ProDH might play a role in supplying nutrients and energy from accumulated Pro for development and germination of reproductive organs such as seeds.
In higher plants Pro is synthesized via two routes, from Orn and from Glu. In young Arabidopsis plantlets, the Orn pathway, together with the Glu pathway, plays an important role in Pro accumulation during osmotic stress (Roosens et al., 1998) . In adult Arabidopsis plantlets, the free Pro increase is mainly due to the activity of the enzymes of the Glu pathway (Yoshiba et al., 1997; Roosens et al., 1998). Genes encoding P5CS and P5CR for the Glu pathway have been cloned in Arabidopsis (Savouré et al., 1995; Strizhov et al., 1997; Yoshiba et al., 1997) . P5CS has been shown to catalyze the limiting step in Pro accumulation in response to osmotic stress in adult Arabidopsis plants (Strizhov et al., 1997; Yoshiba et al., 1997) .
Recently, Hua et al. (1997) reported that the promoter of At-P5R, a gene encoding P5CR in Arabidopsis, directs strong GUS activity in root tips, the shoot meristem, guard cells, hydathodes, veins, pollen grains, ovules, and developing seeds. Among these sites, the root tips, hydathodes, veins, pollen, and seeds overlap the GUS expression sites directed by the ProDH gene, although the timing of the expression of the ProDH gene is different from that of the P5CR gene. GUS staining in the root tips, hydathodes, and veins of transformants with the P5CR promoter-GUS construct was observed under normal conditions (Hua et al., 1997) , whereas GUS staining of transformants with the ProDH promoter-GUS construct was strong under high-Pro or hypoosmolar conditions (Fig. 5) . Osmolarity of plant tissues may be controlled by the synthesis and degradation of Pro in these sites. During seed ripening GUS activity driven by the P5CR promoter generally decreased, and when the siliques reached 1 cm in length, no staining could be observed (Hua et al., 1997) . This pattern is similar to that in the siliques of transformants containing the ProDH promoter-GUS fusion gene (Fig. 6C) . Although seeds containing the P5CR promoter-GUS fusion gene were stained after they had been cut apart and treated with 1 mm 5-bromo-4-chloro-3-indolyl glucuronide, no staining was observed (Hua et al., 1997) , whereas mature seeds with the ProDH promoter-GUS fusion gene were stained (Fig. 6D ). Germinating seeds with the ProDH promoter-GUS fusion gene were also stained under hypoosmolarity (Fig. 7) .
These data indicate that the P5CR gene for Pro synthesis is expressed during the early developmental stage of seeds and that the ProDH gene for Pro degradation is expressed during the later developmental stage and during germination of seeds. The ProDH gene was expressed in veins and root tips when plants were exposed to water or Pro, whereas the P5CR gene was expressed in these sites in the absence of stress. However, higher levels of mRNA of the Pro-transporter ProT1 were detected in flowers, and the expression was down-regulated during development in Arabidopsis (Rentsch et al., 1996) . We presume that the Pro accumulated in flowers might be synthesized and/or transported at an early developmental stage and degraded to Glu by ProDH for use as a source of nutrients and energy for ripening and germination of pollen and seeds, respectively. We previously reported that P5CS is the key enzyme for Pro biosynthesis in Arabidopsis (Yoshiba et al., 1995) . Histochemical analysis of the promoter of the P5CS gene will give us more information about the role of Pro in the development of plants and their acclimation to environmental stress. This is the first report, to our knowledge, of a promoter that is negatively regulated by dehydration and upregulated by hypoosmolarity and Pro. The isolated promoter region is also developmentally regulated, especially in reproductive organs. Detailed analysis of the promoter is required to clarify the molecular mechanism of dehydration-rehydration and Pro metabolism in plants.
